Introduction
Macrolides are bacteriostatic antibiotics with a broad spectrum of activity against many Gram-positive and atypical bacterial species commonly associated with respiratory tract infections (Min and Jang, 2012; NIH, 2017) . As well as their antibacterial effects, macrolides have been shown to have immune-modulatory and anti-inflammatory effects (Amsden, 2005; Kanoh and Rubin, 2010; Nakamura et al., 1999; Wales and Woodhead, 1999; Zarogoulidis et al., 2012) . Morbidity and mortality caused by respiratory viral infections is associated with the excessive elaboration of cytokines and immunopathologic host inflammatory responses (Min and Jang, 2012; Mosquera et al., 2014; Us, 2008; Wang et al., 2012) . Pre-clinical and clinical studies have shown that macrolides downregulate the inflammatory response, attenuating extreme cytokine production and promote the induction of immunoglobulin antibodies (Bermejo-Martin et al., 2009) , which may reduce the complications of respiratory viral infections (Lee et al., 2017; Lendermon et al., 2017; Min and Jang, 2012; Us, 2008; Wang et al., 2012) . Given these properties, macrolides (e.g., azithromycin, clarithromycin, erythromycin, fidaxomicin, telithromycin) have been studied for their potential use as targeted therapy for a wide spectrum of viral respiratory infections including influenza (Bermejo-Martin et al., 2009; Min and Jang, 2012; Suzuki et al., 2002; Tahan et al., 2007; Zhang et al., 2010) .
Clinical studies of macrolides in patients with viral respiratory infections have yielded contradictory results. In a retrospective analysis, use of clarithromycin with oseltamivir or zanamivir was associated with restoration of attenuated antiviral mucosal and systemic immunity and reduction in the re-infection rate in pediatric patients with influenza (Shinahara et al., 2013) . In another study, pediatric patients with influenza-related symptoms were randomly assigned to groups receiving either cephalosporins or macrolides. In this study, macrolides were found to be more effective for alleviating fever and reducing the occurrence of pneumonia (Ninomiya et al., 2002) . In a double-blind randomised controlled trial (RCT) involving infants with respiratory syncytial virus (RSV)-related bronchiolitis, administration of clarithromycin daily for three weeks was associated with reduction in hospital length of stay (LOS), supplemental oxygen, the need for β2agonists, and hospital readmission. In addition, it was associated with reduction in plasma interleukin-4 (IL-4), IL-8 and eotaxin levels (Tahan et al., 2007) . In an open-label, prospective RCT, clarithromycin was associated with fever reduction in adult patients with influenza A/H1N1pdm09 infection who were treated with neuraminidase inhibitors. However, there was no difference in the reduction of serum IL-6 levels between the study groups (Higashi et al., 2014) . Similarly, in a multicenter, open-label RCT, a combination therapy of osteltamivir and azithromycin was associated with early resolution of some clinical symptoms but no difference in inflammatory cytokine levels (Kakeya et al., 2014) .
In a recent open-label RCT of hospitalized adults, early combination therapy with clarithromycin, naproxen and oseltamivir was associated with reduced 30-day and 90-day mortality and hospital LOS compared to oseltamivir monotherapy (Hung et al., 2017) . Similar results were obtained from secondary analysis of a multicenter RCT, in which use of the macrolides azithromycin, clarithromycin, or erythromycin was associated with improved outcomes, including mortality, in patients with acute lung injury (Walkey and Wiener, 2012) .
On the other hand, in a multicenter, double-blind, placebocontrolled equivalence RCT, use of azithromycin to treat infants and young children with RSV was not associated with improved clinical symptoms (Kneyber et al., 2008) . Similarly, placebocontrolled RCTs in infants and children have shown that use of azithromycin for bronchiolitis does not reduce length of stay, oxygen requirement or readmission (McCallum et al., 2013; Pinto et al., 2012) . In one multicenter, observational study, macrolides were not associated with improved survival in critically ill patients with A(H1N1)pdm09-associated primary viral pneumonia (Martin-Loeches et al., 2013) .
In patients with Middle East Respiratory Syndrome (MERS), macrolides are often prescribed as part of the empiric treatment regimen for pneumonia, often before the detection of MERS coronavirus (MERS-CoV) However, the association of macrolides with MERS outcomes has not been investigated rigorously. Using a cohort of critically ill patients with MERS, the aim of this study was to determine whether there was an association between macrolide therapy and 90-day mortality, and between macrolide treatment and MERS-CoV RNA clearance from respiratory secretions.
Material and methods

Setting
This was a retrospective analysis of a multicenter cohort study, which included 14 tertiary care hospitals in five cities in Saudi Arabia. Details of the original cohort have been previously published (Arabi et al., 2017) . The study was approved by the institutional review boards of all participating centers. Patient-level informed consent was not required due to its observational nature.
Patients
The study included all patients who were admitted to the participating hospitals between September 2012 and January 2018 and who were critically ill with laboratory-confirmed MERS. In this retrospective analysis, patients were divided into one of two treatment groups: a 'macrolide therapy group', in which patients received macrolide treatment (azithromycin, clarithromycin or erythromycin) within three days before admission to ICU, or at any time during their stay in ICU, up to 28 days and a 'no macrolide therapy' (control) group consisting of patients not given macrolides during the same timeframe. Macrolides were typically administered as part of empiric therapy for pneumonia, although some patients received erythromycin as a gastrointestinal prokinetic agent.
Data collection
A standardised case report form was used for data collection (ISARIC). Data extracted included patient demographic features; underlying comorbidities; and the durations between symptom onset and presentation to the Emergency Department, ICU admission and intubation. Severity of patients' illness was assessed using the sequential organ failure assessment (SOFA) score, as well as laboratory and ventilator parameters on days 1, 3, 7, 14 and 28 of ICU admission (Vincent et al., 1998) . The results of diagnostic tests were documented, including those for bacterial co-pathogens; 'atypical' pathogens including legionella, chlamydia and mycoplasma; and other viral infections in the first three days of ICU admission. Details of any other antibiotics given within the first three days of ICU admission were also documented. The primary outcome was 90-day all-cause mortality. We also examined the time to clearance of MERS-CoV rRT-PCR defined as the time from ICU admission until the test was negative on two occasions, without a positive test afterward. Clearance of MERS-CoV rRT-PCR was calculated on patients who had at least one follow-up rRT-PCR test in the ICU from the date of ICU admission, and censored by the date of last test or death whichever comes first.
Statistical analysis
We compared the baseline characteristics, co-interventions, and outcomes of patients who received macrolide therapy and those who did not. For categorical variables, the Chi-square test or Fisher's exact test were used, and for continuous variables, Student's t-test or the Mann-Whitney U test were used as appropriate.
To examine the association between macrolide therapy and 90day mortality, we performed multivariable logistic regression analysis, with macrolide therapy being the independent variable. The model included baseline variables of clinical interest, decided a priori, and significant co-variables at the univariable level (P 0.2) that included: body mass index (BMI), SOFA score at admission to ICU, community-acquired (versus hospital-acquired) infection, healthcare worker-associated infection, non-invasive ventilation at ICU admission, malignancy, chronic pulmonary disease, and liver disease. Sensitivity analysis was conducted by excluding patients who received macrolides after the third day of ICU admission.
To examine the association between macrolide therapy and MERS-CoV RNA clearance, we used a Cox proportional hazard model, with macrolide therapy being the independent variable. We included in this model the same covariables mentioned above. Because of the competing nature of MERS-CoV RNA clearance and death, we performed further analysis restricting to survivors.
Results
Patient characteristics
Out of 349 critically ill MERS patients, 136 (39%) received macrolide therapy. Of these, 97/136 (71.3%) received azithromycin, Figure 1 . Time to initiation of macrolide therapy from ICU admission among critically ill patients with Middle East Respiratory Syndrome (MERS). Day 0 includes patients who were already on macrolides therapy before being admitted to ICU. There were 11 patients who recieved two macrolides at different times during the study period, and one patient with missing data regarding the date of macrolide therapy. 28/136 (20.6%) received clarithromycin, and 22/136 (16.2%) received erythromycin with 11 patients received two macrolides at different times during the study period. Most patients who received macrolides had already been started on this therapy before arriving to ICU (51/136; 37.5%) or were started on the first day in ICU (53/136; 39%) ( Figure 1) .
The demographic characteristics, physiological parameters, comorbidities and presenting symptoms of patients between the two study groups were very similar (Table 1 and Supplementary  Table 1 ). However, patients in the macrolide therapy group were more likely to have community-acquired MERS (81/136; 59.6%) than those in the control group (104/213; 48.8%; P = 0.02), and had a slightly higher mean arterial pressure at ICU admission. Patients not receiving macrolides had more liver disease, had slightly higher international normalised ratio (INR) readings, and slightly higher bilirubin levels at ICU admission.
There was no significant difference between the groups in terms of the number of days from onset of symptoms to emergency room presentation, to ICU admission and to intubation (Table 1) .
Co-pathogens and other antibiotics
As shown in Supplementary Table 2 , co-infection with a respiratory virus was confirmed in 21 patients (10 patients in the macrolide therapy group and 11 in the control group). Atypical copathogens were diagnosed in a small number of patients (legionella, 1; chlamydia, 1; mycoplasma, 3). Other antibiotics received by patients are shown in Supplementary Table 3 . 
Co-interventions
Throughout their stay in ICU, patients in the macrolide therapy group received more high-frequency oscillation ventilation (19/ 136; 14%) than those in the control group (7/213; 3.3%; P = 0.0002), oseltamiver therapy (99/136; 72.8% versus 97/213; 45.5%; P = 0.0001), intravenous immunoglobin (15/136; 11% versus 9/213; 4.2%; P = 0.01), and more renal replacement therapy (79/136; 58.1% versus 95/213; 44.6%; P = 0.01) ( Table 2) .
Clinical outcomes Mortality
As shown in Table 2 , there were no statistically significant differences between crude ICU and hospital mortality, 90-day mortality and ICU, and hospital LOS between the 'macrolide therapy' group and 'no macrolide therapy' group. After adjusting baseline variables, macrolide therapy was not associated with a reduction in 90-day mortality compared with the no macrolide therapy group (adjusted OR: 0.84; 95% CI: 0.47-1.51; P = 0.56) (Table 3 ). Sensitivity analysis excluding those patients who received macrolides after day 3 showed similar results (adjusted OR: 0.70; 95% CI: 0.39-1.28; P = 0.25).
MERS-CoV RNA clearance
Cox proportional hazards model revealed that macrolide therapy was not associated with difference in MERS-CoV RNA clearance (adjusted HR: 0.88; 95% CI: 0.47-1.64; P = 0.68). Similar results were revealed when this analysis was restricted to survivors (adjusted HR: 0.75; 95% CI: 0.35-1.62; P = 0.46) (Table 3) .
Discussion
This cohort study found no association between macrolide therapy and 90-day mortality or MERS-CoV RNA clearance among critically ill patients with MERS.
Few studies have investigated the association between macrolide therapy and mortality in patients with influenza or respiratory viral infections (Hung et al., 2017; Martin-Loeches et al., 2013; Walkey and Wiener, 2012) . However, these results cannot necessarily be generalised to MERS. This study showed when adjusted for possible confounders using logistic regression analysis, macrolide therapy was not associated with a significant change in 90-day mortality. This may suggest that immunomodulatory effects of macrolides alone may not be effective on improving mortality rate in patients with MERS in the absence of effective antiviral drugs against MERS-CoV.
Although macrolides are known to downregulate inflammatory responses and reduce the excessive cytokine secretions that are associated with respiratory viral infections (Amsden, 2005; Beigelman et al., 2010; Kanoh and Rubin, 2010; Lendermon et al., 2017; Zarogoulidis et al., 2012) , their direct effects on viral clearance in patients with respiratory viral infection are uncertain. An in vitro study on human bronchial epithelial cells showed that azithromycin significantly reduced rhinovirus replication and release (Gielen et al., 2010; Schogler et al., 2015) . However, another study reported that azithromycin did not directly alter viral replication or clearance of parainfluenza type 1, Sendai Virus in mice (Beigelman et al., 2010) . Similarly, in an RCT, azithromycin therapy in infants with severe RSV bronchiolitis did not facilitate RSV clearance from the upper airway compared to placebo (Beigelman et al., 2015) . In an RCT, adults hospitalized for laboratory confirmed influenza were randomized to receive oseltamivir and azithromycin or oseltamivir alone, both for 5 days (Lee et al., 2017) . Pro-inflammatory cytokines declined faster in the oseltamivir-azithromycin group. However, viral RNA decline was not affected (Lee et al., 2017) . Our study is the first to have investigated the association between macrolide therapy and MERS-CoV RNA clearance. Our results showed that macrolide therapy had no significant association.
Previous studies demonstrated improvement of symptoms of respiratory viruses including influenza patients who were treated with macrolides (Ninomiya et al., 2002; Tahan et al., 2007; Higashi et al., 2014; Kakeya et al., 2014) . Due to the nature of the population in our study (critically ill patients), this study does not measure the difference in symptoms improvement between the group who received macrolides and the group who did not receive macrolides. Measuring the potential improvement of MERS-CoV symptoms after macrolides therapy may be considered in future studies. Our results should be interpreted in light of its strengths and weaknesses. This study is the first to examine the use of macrolide therapy in patients with MERS-CoV. It is derived from a collaborative, multicenter, observational database of critically ill patients with MERS-CoV, enhancing generalizability of our findings and mitigating the possibility of centre-related effect. This study also used an international standardised data collection tool. We adjusted for possible confounders including community-acquired infection, because of the probable association of this variable with both the exposure (macrolide therapy) and outcomes. Since macrolide therapy was initiated early during the ICU course, the risk of immortal time bias (survivorship bias) is probably limited. The main limitation is the retrospective nature of this observational study, and the potential that unmeasured confounders may influence the relationships we sought to examine. Also we did not measure cytokine levels or immune measures that might have been affected by macrolide administration.
Conclusions
In our study, more than one-third of critically ill patients with MERS-CoV received empiric therapy with macrolides. However, we found that macrolide therapy is not significantly associated with a reduction in 90-day mortality or improvement in MERS-CoV RNA clearance. 
